A. Ardelean, D. Jaros, H. Rohm. Influence of microbial transglutaminase cross-linking on gelation kinetics and texture of acid gels made from whole goats and cows milk. Dairy Science Abstract The influence of microbial transglutaminase (mTGase) in modifying the functionality of proteins in cows milk has been extensively studied but to a lesser degree for goats milk. On a comparative basis, the effect of crosslinking by mTGase on the physical properties of chemically acidified UHT goats milk and UHT cows milk has been performed. Transglutaminase treatment (3 U mTGase/g protein) of cows and goats milk was conducted at 40°C for 60 min and terminated by heat treatment (85°C/10 min) for enzyme inactivation. Gelation was induced by acidification with 40 g.L −1 D-glucono-δ-lactone. Monitoring gel formation by oscillatory rheometry revealed that the incubation of milk with mTGase accelerated gelation, which occurred at a higher pH for cows milk in comparison to goats milk. Electrophoretic analysis revealed that under the same conditions, nearly 31% of the cows milk proteins were cross-linked by the action of mTGase compared to only 9.6% of the goats milk proteins. This resulted in increased gel stiffness and reduced syneresis of the acid gels of both systems, but the extent of the effect depended on the milk source. In general, even with the mTGase treatment, goats milk gels were much weaker than cows milk gels. Despite this fact, the information gained in this study indicates that mTGase might be successfully applied in the production of acidified goat milk products.
Gelation is one of the most important phase transitions in dairy technology, especially because it provides the physicochemical basis for the manufacture of cheese, yoghurt and other related dairy products. Although the major proteins which are present in milk (i.e. caseins and whey proteins) are similar for all mammalian milks, their proportions, structure and genetic polymorphism differ to a large extent (Park et al. 2007 ; Uniacke- Lowe et al. 2010 ). This in turn may affect the gelation process and result in gels with different characteristics. Generally, goats milk gels are characterised as being softer and more fragile than cows milk gels, even at comparable casein concentrations (Vargas et al. 2008) . Studies which have focused on possibilities for the improvement of goats milk gel texture have been reviewed recently (Slačanac et al. 2010; Tamime et al. 2011) . These possibilities include standard methods such as increasing total solids content, the addition of different stabilisers or the use of exopolysaccharide-producing starters. A recent study (Ardelean et al. 2012) showed that the treatment with microbial transglutaminase (mTGase) combined with dry matter enrichment may also be an effective method for the enhancement of goats milk gels. For cows milk, the utilisation of mTGase allows a reduction in the dry matter enrichment of the yoghurt base milk as texture and viscosity are enhanced (e.g. Boenisch et al. 2007; Buchert et al. 2010; Jaros et al. 2007; Lorenzen et al. 2002) .
Microbial transglutaminase catalyses the transfer between the ε-amino group of a protein-bound lysine residue and the γ-carboximide group of a protein-bound glutamine residue, which results in the formation of covalent ε(γGln)Lys isopeptide crosslinks (Kuraishi et al. 2001) . When milk is treated with mTGase, these newly formed bonds are responsible for the modification of the physical properties of milk gels (e.g. an increase in stiffness and viscosity, and an improved water-holding capacity) obtained by acidification (Faergemand et al. 1999; Jaros et al. 2007 ). The impact of mTGase on cows milk gels is a topic that has been widely discussed (Jaros et al. 2006a; Buchert et al. 2010) , whereas its effect on goats milk has been addressed to a lesser degree. Farnsworth et al. (2006) found that the application of mTGase in the production of yoghurt from goats milk may give positive results, and it was also shown that the specificity of mTGase varies with the type of goats milk proteins (Rodriguez-Nogales 2006; Domagala et al. 2007 ).
However, none of these studies have shown the impact of mTGase cross-linking on the kinetics of the gelation process. The purpose of the present study was to investigate how cross-linking with mTGase affects gelation and texture of acid gels obtained from whole goats milk and how these gels compare to gels from full-fat cows milk. In an earlier study which was conducted on acidified UHT semi-skimmed cows milk (1.5% fat), a maximum in gel firmness after incubation for 60 min with 3 U mTGase/g protein was observed (Jaros et al. 2006b ); therefore, the same enzymatic treatment was applied here. The key points discussed are (1) protein susceptibility to mTGase reaction, (2) gelation kinetics and network formation, (3) gel stiffness and the water-holding capacity of the intact gels.
Materials and methods

Materials
Homogenised UHT goats milk (GM; declared fat content, 32 g.kg ) and homogenised UHT cows milk (CM; fat content, 35 g.kg -1 ) were purchased from a local supermarket. Protein content determined by the Kjeldahl method (FIL/IDF 2001) was 28.7 and 33.0 g.kg -1 , respectively. Microbial transglutaminase Activa MP (mTGase) showed 90 U/g activity as determined by the hydroxamate method (Folk and Cole 1966) .
Treatment of milk with mTGase
Goats and cows milk were equilibrated to 40°C in a D8GH water bath (ThermoHaake GmbH, Karlsruhe, Germany) and incubated with 3 U mTGase/g protein for 60 min. The reaction was stopped by heat treatment at 85°C/10 min, followed by rapid immersion in ice water. Samples without added enzyme were treated in exactly the same way and served as references. Samples were preserved with 8 mmol.L −1 sodium azide.
Gel electrophoresis
The susceptibility of milk proteins towards mTGase cross-linking was determined by sodium dodecyl sulphate-polyacrylamide gel electrophoresis using a mini-vertical gel system (CBS Scientific Company Inc., Del Mar, CA, USA). The samples were diluted in 6 mol.L −1 urea and 1:3 mixed with sample buffer (pH 6.8; Jaros et al. 2010) . Dithiothreitol was used to reduce disulphide bonds by heating for 5 min in a boiling water bath. The running buffer contained 0.25 mmol.L −1 TRIS, 1.92 mol.L −1 glycerine and 10 g.kg -1 SDS (pH 8.3) in distilled water. Proteins were visualised with Coomassie Brilliant Blue R-250 in a 14:5:1 solution of distilled water, methanol and acetic acid, and analysed by the TL100 software (Nonlinear Dynamics, UK).
Acidification of the milk
Based on earlier work (Jacob et al. 2011) , model acid gels were prepared by adding 40 g.L −1 D-glucono-δ-lactone (GDL; Sigma-Aldrich GmbH, Seelze, Germany) at 30°C. The reduction in the pH was monitored for 60 min, and data were continuously recorded.
Rheological measurements
Milk samples were stirred for 30 s after GDL addition and transferred into the cup of a strain-controlled ARES RFS II rheometer (Rheometrics Inc., Piscataway, NJ, USA) equipped with a cup-and-bob geometry (outer diameter034 mm, inner diameter0 32 mm, bob length033.5 mm) maintained at 30°C. Samples were oscillated at an angular frequency of 1 rad/s and a strain of 0.003 (Jaros et al. 2010) . Time-sweep measurements were initiated 60 s after lowering the bob into the measuring position, and the storage modulus (G′) was monitored as an indicator for gel stiffness for 60 min. Gelation experiments were performed in triplicate. The onset of gelation (G′≥1 Pa; Lakemond and van Vliet 2008) was extracted from the oscillatory rheology measurements.
Gel firmness was investigated by penetration using an RSA3 solids analyser (Rheometrics Inc., Piscataway, NJ, USA) (Jaros et al. 2010 ). For each sample, four individual gels were analysed. The initial slope of the force/deformation curves, which represents another measure of gel firmness, was determined using the fit function of the instrument software.
Forced syneresis measurements
The level of syneresis of cross-linked and reference milk gels was measured after centrifugation at 6°C and 1,000×g for 20 min. For that purpose, milk samples were acidified in 50-mL centrifugation tubes with 40 g.L −1 GDL at 30°C for 60 min, cooled in ice water for 10 min and transferred into a pre-cooled rotor (6°C; Heraeus BioFuge Stratos, Thermo Electron Corporation). Centrifugation was started after another 20 min once the temperature had equilibrated. The expelled whey was removed with a Pasteur pipette. Syneresis (% w/w) was calculated as the mass ratio of expelled whey to the gel mass before centrifugation. The analysis was repeated four times.
Results and discussion
Susceptibility of milk proteins towards mTGase cross-linking
After incubation of CM and GM with 3 U mTGase/g protein at 40°C for 60 min, new bands of polymerised proteins appeared on the upper part and on the top of the gel (Fig. 1) . These new bands represent casein dimers and casein oligomers formed by cross-linking peptide-bound glutamine and lysine residues, which were not able to migrate through the gel due to their high molecular mass (Mounsey et al. 2005; Jaros et al. 2010) . Pixel density analysis revealed that κ-casein was the protein fraction that was primarily involved in the oligomerization reaction initiated by mTGase, followed by β-and α S -casein. This is because mTGase is known to catalyse the formation of intramicellar ε(γGln)Lys bonds rather than the formation of cross-links between casein micelles, and because κ-casein is easily accessible for the enzyme as it is positioned at the surface of the micelles. Furthermore, the open, flexible structure resulting from high prolyl content might have facilitated the enzymatic reaction of β-casein, which contains more prolyl residues than α S -casein (Sharma et al. 2001; Mounsey et al. 2005) .
As regards the whey proteins, only a small decrease in the intensity of the β-lactoglobulin band was observed (see Fig. 1 ), whereas α-lactalbumin appeared to be significantly more reactive towards mTGase. This can be attributed to the molten globular state of α-lactalbumin that occurs at temperatures lower than 66°C (Eissa et al. 2004) compared to approximately 73°C which is required to induce the thermal transition for β-lactoglobulin. Rodriguez-Nogales (2006) also found a significantly higher degree of cross-linking for α-lactalbumin in raw goats milk.
Electrophoretic analysis also revealed that the proteins of cows milk were more susceptible to mTGase cross-linking. An estimation of the total amount of proteins in each milk type showed that approximately 31% of CM proteins were polymerised compared with only 9.6% of the GM proteins. Generally, the mTGase preference towards proteins is determined by the accessibility and location of the Gln and Lys residues (Jaros et al. 2006a ).
Gel formation kinetics
Whereas pH/time profiles during acidification were not affected by enzyme addition ( Fig. 2; Table 1 ), the reduction in pH was faster in GM in comparison to CM presumably because of a lower buffering capacity which results from the lower protein content . After 60 min of acidification, the final pH of CM and GM gels was 4.3 and 4.1, respectively. Monitoring gel formation by small amplitude rheometry also revealed that the incubation of milk with mTGase accelerates gelation. Gelation onset occurred earlier at a higher pH for CM in comparison to GM and, independent of the milk source, for cross-linked samples (Table 1) . Similar results were also reported for mTGase-treated micellar casein dispersions and were ascribed to the formation of mTGase cross-links between caseins, especially the κ-caseins (see Fig. 1 ). In general, upon acidification the charged groups of micellar caseins are neutralised and colloidal calcium phosphate is solubilised, releasing Ca 2+ and part of the caseins into the serum. Recent findings indicate that, during acidification, micellar reassembly and aggregation occur as two independent processes (Moitzi et al. 2011) . In context with mTGaseinduced casein modification, it was hypothesised that the cross-links may hinder Fig. 2 Development of gel stiffness during acidification of cow milk (circles, full lines) and goat milk (squares, dotted lines) with 4% D-glucono-δ-lactone at 30°C. Open symbols reference. Closed symbols milk was incubated with 3 units microbial transglutaminase per gram of protein for 60 min at 40°C. Data points are arithmetic mean±standard deviation of (n03) independent measurements. Only one fourth of the data points are displayed. Full and broken line pH/time course of cow and goat milk during acidification (reference and cross-linked, n04) mTGase treatment was with 3 U/g protein for 60 min at 40°C. Data are arithmetic mean±standard deviation from (n03) measurements these mechanisms of micelle disintegration, which then cause the gelation of the partly cross-linked particles at a higher pH (Schorsch et al. 2000; Jaros et al. 2010 ).
Gel stiffness
The stiffness of the final gels (G′ max ) depends on the source and type of the substrate. Hence, GM having a lower protein content required a longer time to reach the maximum gel stiffness (see Fig. 2 ). Maximum G′ was 155 and 20 Pa for gels from CM and GM, respectively, and increased by a factor of 1.13 and 2.20 to 175 Pa and 44 Pa, respectively, after mTGase treatment ( Table 1 ). The respective differences caused by cross-linking are significant (P<0.05). The relatively low increase of the stiffness of the gel from UHT whole CM gels induced by mTGase suggests that the net number of bonds is only marginally affected. In mTGase-treated milk, aggregation takes place between covalently cross-linked caseins (Schorsch et al. 2000) , and the new ε(γGln)Lys bonds introduced by mTGase might have already hindered a proper network development by hiding the hydrophobic residues in the inner part of the aggregates (Eissa and Khan 2006) . CM gels reached maximum stiffness approximately at the isoelectric point (pI) of the caseins (Table 1 ). The further decrease in pH resulted in a reduction in gel stiffness, presumably because of the net charge increase in the system (Horne 2003) . As regards GM gels, maximum gel stiffness also occurred near the pI of the goats milk caseins of 4.2 (Morgan et al. 2003) . Even after mTGase treatment, GM gels were three times weaker than untreated CM gels. It is known that, apart from pH and calcium content, caseins are the most important factor in the formation of acid gels, and that a higher gel stiffness and aggregation rate is obtained when milk contains more protein (Schorsch et al. 2000; Dimassi et al. 2005) . It was also the difference in hydration level and size of the casein micelles of the two milks which were identified to be responsible for a lower stiffness of GM gels (Martin-Diana et al. 2003; Park et al. 2007 ).
The influence of mTGase addition on the mechanical properties of CM and GM gels was also investigated by penetration studies. The firmness of gels from cross- linked CM and GM was approximately 1.1-and 2.5-fold of the respective reference gels (P<0.05; Fig. 3 ). As has been observed for stiffness it is also evident that, even with the mTGase treatment, GM gels were much weaker than CM gels.
Susceptibility to syneresis
Figure 3 also shows the forced syneresis of the reference and cross-linked acid gels made from CM and GM. It is clear that the whey drainage from GM reference gels was approximately three times lower than from CM gels (see also Vargas et al. 2008) , and mTGase treatment further decreased syneresis by a factor of two (P<0.05). Gels from cross-linked GM and CM showed a level of syneresis of 4.6±0.7% and 13.5±1.7%, respectively. Irrespective of the milk source, the increased water-holding capacity in gels from mTGase-treated milk may be attributed to the introduction of stabilising covalent cross-links, which are responsible for a reduction of the pore size of the gels (Schorsch et al. 2000; Farnsworth et al. 2006; Lorenzen 2007) .
Conclusions
This work showed that cross-linking cows milk and goats milk with microbial transglutaminase alters the gelation kinetics and the texture of the acid gels. The enzymatic treatment accelerated gelation, which was initiated earlier for cows milk than for goats milk, and increased stiffness and water-holding capacity of the model gels. However, much lower values were obtained in case of goats milk, where the lower protein content mainly affected the characteristics of the gel. This aspect should be considered if it is to obtain a dairy product from goats milk having a gel texture comparable to that from cows milk.
